Study on fingertip force sensor based on measurement of tendon tension by Okuyama Takeshi et al.
Study on fingertip force sensor based on
measurement of tendon tension
著者 Okuyama Takeshi, Kobayashi Kouhei, Tanaka Mami
journal or
publication title








International Journal of Applied Electromagnetics and Mechanics 50 (2017) 1–6 1
IOS Press
Study on Fingertip Force Sensor Based on
Measurement of Tendon Tension
Takeshi Okuyama a,∗, Kouhei Kobayashi a and Mami Tanaka b
a Graduate School of Engineering, Tohoku University, Aobayama 6-6-04, Aoba-ku, Sendai, Japan
b Graduate School of Biomedical Engineering, Tohoku University
Abstract. In this paper, a novel wearable sensor to estimate the force applied at fingertip is developed. To perform rehabilitation
of fingers effectively, it is important to measure finger force of patients without inhibiting grip sensation. Therefore, we focused
on the relationship between tension of tendon and fingertip force, and proposed a ring type sensor to estimate the fingertip force
from tension of tendon. First, the ring type sensor is fabricated. And we investigate the relationship between sensor output and
fingertip force by experiments. From the results, it was found that the sensor output is related to the fingertip force. And we
obtained a relational expression to calculate fingertip force from sensor output. Next, estimation experiment of fingertip force
was conducted. It was confirmed that the developed sensor system is available to estimate the fingertip force without placing
the sensor on the fingertip.
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1. Introduction
In the field of rehabilitation and sports engineering, quantitative evaluation of human motion is de-
manded for evaluating validity and effectiveness of exercises[1,2]. Generally, in the rehabilitation of a
hand function for hemiparetic patients, doctors and physical therapists determine the exercise for a pa-
tient in consideration of the recovery state, and they instruct the patient on the exercise. To perform
the rehabilitation of the hand function effectively, it is important to measure finger motion of patients,
such as finger postures[3] and fingertip force. In general, finger posture and location are measured by
visual information[4]. Force is measured by load cells placed under objects[4,5,6] or between objects
and fingers[7]. However, it is relatively difficult to measure force applying to biological objects with
finger, such as scratching force for skin[8]. And the tactile sense from the finger pad is important to
realize the effective exercise in rehabilitation of grasping, because humans choose the optimum fingertip
force to grasp objects on the basis of the tactile sense. Also, the above consideration is important to ac-
quire skillful techniques such as doctor’s palpation motion[4]. Therefore, a fingertip force sensor without
obstructing the tactile sense on fingertip is demanded.
For measuring fingertip force without covering finger pad, we focus on the relationship between ten-
sion of tendon and fingertip force. In this paper, we develop a ring type sensor to estimate the finger force
from tension of tendon. And we investigate the relationship between sensor output and fingertip force by
experiments.
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Fig. 1. Principal of measuring fingertip force
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Fig. 2. Schematic drawing of fingertip force sensor
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Fig. 3. The sensor attached to finger
2. Fingertip force sensor
The principal of measuring the fingertip force is shown in Fig.1. Based on the movement mechanism
and the anatomy of the finger, we consider the origin of the fingertip force[9]. As muscles contract and
tension of tendon increases, the finger applies force on the object. Therefore, the tension of tendon may
be related to the force. For measuring the tension, the finger and the tendon are pushed by the protruding
part. Then a reaction force acts on the protruding part due to the tension of tendon. By measuring the
reaction force, the tension of tendon and the fingertip force is estimated.
In consideration of the anatomical placement of the flexor tendon, we propose a sensor structure which
displaces the tendon from the ventral side of the finger at the proximal phalanx. The structure of the
fingertip force sensor is shown in Fig.2. The sensor is fixed to the finger by the ring structure, and
displaces the tendon by pushing the projection into the finger. Thereby, the reaction force applied to a
projection by the tendon is measured with the strain gages.
In this paper, average of two strain gages output is used as the sensor output. Figure 3 shows the
fabricated sensor attached to a finger. The frame of the sensor was made of acrylonitrile butadiene styrene
(ABS) resin.







Fig. 4. Experimental setup

























Fig. 5. Relationship between sensor outputs and load cell outputs
3. Investigation of sensor functionality
3.1. Procedure
The experimental setup to investigate the relationship between the sensor output and the force applied
to the fingertip is shown in Fig.4. A load cell (CLS-20NA, Tokyo Sokki Kenkyujo) to measure the
force generated at the fingertip and the strain gages of the fabricated sensor were connected to the data
acquisition device (NR-500 ST-04, KEYENCE), and the data was stored on the PC. The load cell output
was measured as reference data of the fingertip force.
In experiment, at first, a subject wore the developed sensor on the right index finger. Next, the fingertip
was placed on the load cell with the finger stretched. Then, the subject applied force around 10 N to the
load cell. In the procedure, the sensor output during applying force was measured. Sampling frequency
was 100 Hz. The measurements were carried out five times. Attachment and detachment of the sensor
were performed for every measurement.
3.2. Results and Discussions
Figure 5 shows the relationship between sensor outputs and load cell outputs. It is observed that the
sensor outputs increase with increase in the load cell outputs corresponding to actual fingertip force in a
nonlinear way.
And it is observed that the rate of increase of the sensor output decreases as the load cell output in-
creases. Due to mechanism of measuring reaction force, as the force is applied to the projection, the pro-
jection is slightly displaced. Thereby, it is considered that the displacement of the tendon is consequently
reduced and ratio of measured force to tension is reduced too.
Although the relationship for each trial has a similar behavior, there are a slight difference in sensor
output. The difference is the influence of condition wearing the sensor. Hence, the sensor output when
the load cell output is zero was offset to zero. And the sensor output was normalized by dividing by the
sensor output corresponding to 5 N load cell output.
Figure 6 shows the offset and normalized sensor outputs. The horizontal axis in Fig.6(b) is the log-
arithmic axis. As shown in Fig.6, the offset and normalized sensor outputs of all trials were in good
agreement. From the results, reproducibility was confirmed in the sensor output behavior.
And as seen in Fig.6(a), when the load cell output is less than 1.0 N, the sensor output is proportional
to the load cell output. As seen in Fig.6(b), when the load cell output is larger than 1.0 N, the sensor
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Fig. 6. Relationship between offset and normalized sensor outputs and load cell outputs
output is proportional to the logarithm of the load cell output. To estimate the fingertip force from the
sensor output, it is necessary to formulate the relationships between sensor output and fingertip force
shown in Fig.6. Therefore, it was formulated as follows.
SN =
{
aF (F ≤ 1.0)
b logF + a (F > 1.0)
(1)
S = SNS5 (2)
where SN , S and S5 denote the offset and normalized sensor output, the offset sensor output, and the
offset sensor output when fingertip force is 5 N, respectively. And F is the fingertip force. a and b are
characteristic parameters of the sensor. Here, equation (1) is formulated to be continuous at F = 1.0.





It is suggested that the fingertip force is estimated by using the relational expressions. However, it is
necessary to perform calibration of sensor output to derive the parameters a, b and S5. The values of
the parameters are considered to be affected by various characteristics of finger, such as finger posture,
muscle activity and mechanical properties.
3.3. Estimation procedure of fingertip force
In this section, the estimation procedure of fingertip force with the developed sensor system is ex-
plained. Thereafter, the sensor output S is offset so as to be zero with no fingertip force applied.
First, after wearing the developed sensor, as the calibration of sensor outputs, fingertip force up to
5 N is applied to the load cell of the experimental apparatus shown in Fig.4, and the sensor output is
measured.
Next, the obtained relationship between the sensor output and the fingertip force is approximated by
using equation (1) and equation (2). Then, parameters a, b and S5 are derived.
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Fig. 7. Experiment device

























Fig. 8. Comparison between estimated fingertip force
and load cell output
Subsequently, by using equation (1) and equation (2), the fingertip force Fe is rewritten as a function








bS5 (F > 1.0)
(4)
The sensor characteristic parameters a, b and S5 are substituted into above equations, and the calibra-
tion formula is determined. Here, Fe represents the estimated fingertip force. By substituted the sensor
output S into the calibration formula, the fingertip force Fe is calculated. However, by the procedure,
two kinds of Fe are obtained.
Finally, the calculated fingertip force Fe that satisfies the applicable range of each formula is taken as
the estimated value of the fingertip force.
4. Estimation experiment of fingertip force
4.1. Procedure
The experiment of estimating the fingertip force by using the developed sensor was carried out. The
experimental apparatus is the same as that in Fig.4. Fig.8 shows the state of the experiment. First, to
obtain the sensor characteristic parameters, the same experiment as that in section 3.1 was conducted
once. Next, without detaching the sensor, the fingertip force was applied to the load cell so that the
fingertip force was gradually increased. And the sensor output and the load cell output were measured.
Other experimental conditions are the same as that in section 3.1
4.2. Results and Discussions
As the result of fitting the calibration formula to the experimental data by using the least-square
method, the derived parameters were a = 0.43, b = 0.35 and S5 = 1.80. By using the parameters,
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fingertip force is calculated from the sensor output. Figure 8 shows time evolution of the load cell output
and the estimated fingertip force. In this figure, the broken line represents the fingertip force measured
by the load cell and the solid line represents the fingertip force estimated from the sensor output. The es-
timated force is in good agreement with the load cell output. The root mean square error of the estimated
value and the measured value was 0.37 N.
From the results, it is suggested that fingertip force up to 15 N can be estimated with the developed
sensor. However, in this experiment, calibration and estimation experiments are carried out with fingers
stretched. In fact, it is observed that the sensor output changes due to bending the finger without applying
the fingertip force. Further experiment will be need to improve the proposed method so as to compensate
influence of finger posture.
5. Conclusions
In this paper, based on the relations between tension of tendon and fingertip force, the ring type sensor
to estimate the fingertip force was developed. Form the experimental results for the fabricated sensor, it
was found that the developed sensor is effective to estimate fingertip force without placing any sensor on
fingertip. However, the posture of the finger is limited. Further investigation about constructing a formula
based on a mechanical model will be needed to put the sensor system into practical use. Also, for design
of sensor structure, it is important to elucidate relationship between mechanical characteristics of finger
and sensor output behavior. It is necessary to investigate not only influence of the finger posture, but also
the influence of the mechanical characteristics of finger on sensor output behavior.
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